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Abstract. Climate change-driven droughts and insect outbreaks are becoming more frequent and wide-
spread, increasing forest vulnerability to mortality. By addressing the impacts of climate and insects on tree
growth preceding death, we can better understand tree mortality risk under a changing climate. Here, we
used tree stature and interannual growth (basal area increment; BAI) to assess processes leading to trem-
bling aspen (Populus tremuloides) survival or mortality during an unprecedented leaf miner (Phyllocnistis
populiella) outbreak in boreal North America. We identified eight sites (22 plots) in the longest running for-
est monitoring network in Alaska, spanning ~350 km of latitude, that experienced ≥0.25 Mgha1yr1
aspen mortality during the outbreak. We compared the size and canopy position, growth patterns, and
sensitivity to climate and leaf mining of aspen that survived (living; n = 84) vs. died (dying; n = 76) and
linked the normalized difference vegetation index (NDVI) to plot-level aspen growth and stand biomass
recruitment, growth, and mortality. Dying aspen were in the subcanopy, smaller in diameter, and after a
drought in 1957 had lower growth than living aspen until death. Before the outbreak, growth of all trees
was positively influenced by moisture and negatively by temperature, but only living trees maintained this
climate response during the outbreak. Leaf mining reduced growth of both groups, exerting at least a two-
fold greater impact than climate. The NDVI captured plot-level tree growth and stand biomass growth
and mortality, yet it was nearly two times more strongly associated with living than dying tree growth and
12 times more strongly associated with biomass growth than mortality. These differences suggest that
NDVI may inadequately detect insect-driven dieback and dispersed mortality of aspen across the boreal
biome. Our findings reveal that a historic drought triggered a multi-decadal growth decline that predis-
posed aspen to mortality during the leaf miner outbreak and that while aspen growth is influenced by
moisture and temperature, it is more strongly affected by P. populiella. We conclude that as the climate
warms and insect outbreaks increase in frequency and magnitude at high latitudes, we should expect to
see persistent and greater declines in aspen growth and increases in mortality.
Key words: aspen epidermal leaf miner; boreal forest; climate change; dendroecology; insect outbreaks; normalized
difference vegetation index; tree mortality; tree rings; trembling aspen.
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INTRODUCTION
Extensive and unprecedented tree mortality
has been documented worldwide as a result of
drought, insect outbreaks, and their interactions
with climate change (Mantgem et al. 2009, Allen
et al. 2010, 2015, Zhang et al. 2014, Berner et al.
2017). Forest mortality can have widespread and
long-lasting impacts on the global carbon cycle
(Breshears and Allen 2002, Kurz et al. 2008a, b),
community dynamics (Anderegg et al. 2013),
and ecosystem services (Fischlin et al. 2007).
Despite the widespread consequences of forest
mortality, our understanding of what drives tree
death is lacking, including why some individuals
die while others persist. By assessing the influ-
ence of abiotic and biotic disturbance on tree
growth and death, we can develop a more com-
prehensive understanding of tree mortality risk
and better model forest structure and dynamics
under a changing climate.
Differences in growth sensitivity to climate
and insects, radial growth patterns, and stature
between trees that die vs. survive can provide
insight into processes driving tree mortality.
Tree-ring measurements are particularly valuable
for examining causal agents and processes that
lead to tree death on both short (seasonal to
annual) and long (decadal to centennial) time-
scales (Cailleret et al. 2017, 2019). Climate-driven
tree mortality has been linked to a strong and
negative radial growth response to drought prior
to death (Suarez et al. 2004, Heres et al. 2012).
Conversely, competition (Macalady and Bug-
mann 2014) or pest attacks (Mamet et al. 2015,
Sang€uesa-Barreda et al. 2015) can diminish cli-
mate sensitivity in dying trees. Gradual growth
declines that persist for many years to decades
may precede death, highlighting the importance
of low-level, accumulated stress (Cailleret et al.
2017) and carbon starvation (McDowell et al.
2008, McDowell and Sevanto 2010, Galiano et al.
2011, McDowell 2011). Abrupt growth reduc-
tions before death can occur during more
extreme disturbance events (Cailleret et al. 2017),
such as a severe drought that results in rapid
hydraulic failure (McDowell et al. 2008, Ander-
egg et al. 2012, Sevanto et al. 2014). Tree size and
canopy position are other potential indicators of
mortality risk, as tall trees are more susceptible
to hydraulic failure (Bennett et al. 2015) whereas
shading and competition increase the vulnerabil-
ity of small and subcanopy trees to death (Hurst
et al. 2011).
Linking satellite-based measurements, such as
the normalized difference vegetation index
(NDVI), to tree-ring time series and mortality
can increase our spatial inference. The NDVI is a
proxy for gross primary productivity (Tucker
1979, Goetz and Prince 1999) that has been asso-
ciated with tree radial growth (Berner et al. 2011,
Vicente-Serrano et al. 2016, Boyd et al. 2019) and
mortality (Breshears et al. 2005, Ogaya et al.
2015). However, NDVI does not always capture
interannual tree growth (Brehaut and Danby
2018), and complexities in stand structure make
it difficult to interpret the NDVI signal (Berner
et al. 2011, Brehaut and Danby 2018, Loranty
et al. 2018). Assessing the relative influence of
living and dying tree growth and stand pro-
cesses, such as growth and death, on NDVI will
improve our ability to interpret the NDVI signal
and utilize it to detect climate change impacts on
forests over large spatial scales.
High-latitude boreal forests are ideal for
addressing tree vulnerability to insect- and
climate-driven mortality because both tempera-
tures (AMAP 2017, IPCC 2018) and the occur-
rence, severity, and extent of insect outbreaks
(Bale et al. 2002, Bentz et al. 2010, Seidl et al.
2017) are increasing in this region. In boreal
North America, trembling aspen (Populus tremu-
loides Michx.; henceforth “aspen”) has experi-
enced widespread and persistent growth
declines in association with moisture stress and
insect outbreaks (Hogg et al. 2002, Cahoon et al.
2018, Chen et al. 2018). This includes Interior
Alaska, where a damaging outbreak of the aspen
epidermal leaf miner (Phyllocnistis populiella
Cham.) has affected aspen since the late 1990s
(USDA FS 2020, Yukon Department of Energy,
Mines, and Resources 2020). P. populiella is an
insect herbivore that disrupts leaf photosynthe-
sis, stomatal conductance, and water relations
(Wagner et al. 2008, 2020), decreases tree radial
growth (Cahoon et al. 2018, Boyd et al. 2019),
and contributed to recent aspen mortality (Trug-
man et al. 2018). As the climate warms, models
predict a shift toward deciduous dominance in
boreal Alaska (Mann et al. 2012, Foster et al.
2019, Mekonnen et al. 2019), yet have not
accounted for insect pests. To improve these
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predictions and determine the fate of aspen
under a changing climate, it is foundational to
understand aspen mortality risk during pest out-
breaks and the compounding effects of climate
and insects on aspen growth and death.
The overarching goal of our study was to
determine what processes led to aspen mortality
during the P. populiella outbreak (1997–2013).
Our retrospective approach combined tree radial
growth and forest inventory measurements to
compare attributes of aspen that survived (liv-
ing) and aspen that died (dying). We considered
how (1) size and canopy position, (2) pre-
outbreak growth patterns and growth response
to climate, and (3) outbreak growth patterns and
growth response to P. populiella, climate, and
their interaction differed between living and
dying aspen. Because NDVI is widely used as an
index of gross primary productivity, we assessed
whether ecologically important growth patterns
of living and dying trees, as well as stand pro-
cesses of recruitment, growth, and mortality,
were detected by Landsat NDVI.
METHODS
Site description
In the summer of 2016, we sampled eight long-
term inventory sites in Interior Alaska that are a
part of the Cooperative Alaska Forest Inventory
(CAFI; Malone et al. 2009). The complete CAFI
archive currently contains 204 sites that were
established in Interior and Southcentral Alaska
and the Kenai Peninsula as early as 1994. In gen-
eral, each CAFI site contains three plots arranged
in a triangle, one at each corner, spaced 30–63 m
apart, with each plot covering 405 m2. Plots are
re-sampled every five years following standard
forest inventory procedures (Curtis 1983). We
chose to sample all CAFI sites that were both
aspen dominated (>50% aspen stems) and had
aspen mortality recorded between one or more
sampling periods (1.24–39.3 Mg/ha site biomass
mortality every five years). The eight sites that
met this criterion were established between 1994
and 2000, and the final census year ranged from
2012 to 2015. Sites were in central Alaska extend-
ing from the Copper River Valley north to the
Tanana Valley (Appendix S1: Table S1). All the
plots sampled also experienced aspen mortality
between one or more sampling periods (see
Appendix S1: Fig. S1 for site and plot biomass
mortality). Tree data from the CAFI database
were used to quantify aboveground aspen bio-
mass at each plot and measurement period for
trees with a minimum diameter at breast height
(DBH; at 1.3 m) of 3.8 cm using allometric rela-
tionships from Alexander et al. (2012) if
DBH ≥ 4.1 cm and Ung et al. (2008). Aspen bio-
mass mortality was determined by subtracting
live tree biomass in the current year of measure-
ment from the previous year for all years that a
plot was measured. Snags that had been previ-
ously tagged and died from natural causes were
recorded as dead trees. Site-level aspen biomass
mortality was determined by summing biomass
mortality across the plots associated with each
site.
Field and laboratory methods
At each site, we obtained two increment cores
from 12 mature live aspen and stem disks from
12 mature, standing dead aspen at the standard
height of 1.3 m. We sampled one live and one
dead tree closest to each plot corner, outside the
CAFI sampling area. One site was composed of a
single plot, so four live and four dead trees were
sampled at each corner of this plot
(Appendix S1: Table S1). We recorded the DBH
of each tree and their relative position in the
canopy (upper = dominant/codominant or
lower = intermediate/suppressed). In total, we
sampled 192 aspen for tree-ring analysis (96 live
and 96 dead). In the laboratory, tree cores and
disks were air-dried and sanded with increas-
ingly finer sandpaper up to 1500 grit to make
ring boundaries visible. Annual ring widths were
measured on live trees (two cores per tree) and
dead trees (two radii per stem disk) at a resolu-
tion of 0.001 mm in WinDendro software version
2012b (Regent Instruments 2012). We crossdated
live trees visually and statistically at each site
using COFECHA version 6.06 (Grissino-Mayer
2001). Dead tree-ring width measurements were
crossdated against live tree chronologies at the
same site in COFECHA to determine the last
year dead trees put on a full growth ring and the
year of death. Trees that we were unable to cross-
date were excluded from all analyses (12 live and
7 dead; Appendix S1: Table S2). If a dead tree’s
last year of full growth preceded the P. populiella
outbreak (before 1997; see Aerial surveys of insect
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activity), it was also excluded because we were
interested in aspen vulnerability to mortality
during the P. populiella outbreak (13 dead trees
excluded; Appendix S1: Fig. S2).
We averaged raw ring widths from the two
cores or radii measured for every tree and used
these measurements to calculate annual basal
area increment (BAI; mm2 wood/yr) in the pack-
age dplR (Bunn 2008) at the tree level. This and
all other statistical analyses were performed in R
version 3.5.2 (R Development Core Team 2018).
We chose to use BAI for our analyses because it
is a more relevant biological measure of growth
than tree-ring width and reduces tree size- and
age-related effects while maintaining the high-
and low-frequency signals in tree-ring chronolo-
gies (Biondi and Qeadan 2008). Since we were
interested in comparing growth patterns of living
and dying trees, we used BAI because it pre-
serves long-term trends in tree growth (Duch-
esne et al. 2002, 2003), such as decreases in
growth that are indicative of declining tree con-
dition (Leblanc 1990). Across all sites, we had a
total of 84 aspen that survived and 76 that died
during the P. populiella outbreak. The year that
live and dead trees established was not statisti-
cally different (Appendix S1: Table S3). The last
year of full growth for dead trees was 2013
(Appendix S1: Figs. S2, S3), so analyses that
include tree BAI measurements were performed
up until this year. We truncated time series to
1946 to have the greatest overlap of complete
tree-ring chronologies (Bunn 2008). Trees sam-
pled for radial growth analyses that were alive
and dead will hereafter be referred to as living
and dying, respectively.
Climate data
Downscaled climate data were obtained from
ClimateNA version 5.20 (Wang et al. 2016) of
monthly maximum temperature, minimum tem-
perature, average temperature, and total precipita-
tion corresponding to each of our study sites from
1945 to 2013. For each month from 1945 to 2013,
we computed a climate moisture index (CMI;
cm/month), calculated as precipitation minus
potential evapotranspiration, using the simplified
Penman-Monteith method by Hogg (1997). Nega-
tive values of CMI indicate dry conditions where
evaporative demand exceeds precipitation and
positive values indicate wetter conditions (Hogg
1994, 1997). We summed monthly CMI over differ-
ent seasonal periods: the growing season (GS;
May–September), spring (February–April), fall
and winter (previous October–January), and the
previous growing season (PGS; previous May–
previous September). The same seasonal metrics
were estimated for precipitation and average tem-
perature by calculating a sum for precipitation and
an average for temperature.
Aerial survey estimates of insect activity
We used annual estimates of the area of Alaska
infested by P. populiella (ha/yr) from the USDA
Forest Service aerial surveys as the measure of
P. populiella mining from 1997 to 2013 (USDA FS
2020). High densities of P. populiella were first
observed near Fairbanks, Alaska, in 1996 (R. Wer-
ner, unpublished data, http://www.lter.uaf.edu), but
P. populiella activity has been estimated by the aer-
ial surveys since 1997. We chose to use the aerial
measurements (ha/yr infested by P. populiella) as
the metric of infestation because (1) the surveys
provide the longest statewide time series of
annual P. populiella activity, (2) our sites are a part
of the survey’s routine flight path, (3) the survey
measurements (ha/yr infested by P. populiella)
have been related to aspen radial growth (Cahoon
et al. 2018), and (4) CAFI database measurements
of P. populiella presence are only available for a
few years. Additionally, site-level P. populiella leaf
mining (average % site mining) from aspen stands
near Fairbanks, Alaska (Boyd et al. 2019), was
highly correlated with the aerial estimates of
P. populiella activity from 2004 to 2015 (rs = 0.81,
P < 0.001; data not shown). This suggests that the
aerial surveys, although spatially coarse, are cor-
rectly detecting P. populiella leaf mining. Hence-
forth, “leaf mining” or “mining” refers only to
P. populiella and no other insect pests. We also
used USDA Forest Service reports to determine
when outbreaks of other aspen pests occurred in
Alaska, particularly the large aspen tortrix (Choris-
toneura conflictana Wlkr.), an aspen defoliator that
has had a significant presence in Interior Alaska.
These reports are available from 1950 to present,
although a few measurement years are absent
(USDA FS 2020).
Landsat NDVI data
We estimated annual maximum summer
NDVI (NDVImax) during the P. populiella
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outbreak (1997–2013) for each plot using surface
reflectance measured by 30-m resolution Landsat
satellites. We focused only on the outbreak per-
iod because Landsat observations are not widely
available in Interior Alaska before the late 1990s.
For this analysis, we used the United States Geo-
logical Survey’s Landsat Collection 1 dataset that
includes atmospheric and terrain corrections
based on the LEDAPS (Landsats 5 and 7; Masek
et al. 2006) and LaSRC (Landsat 8; Vermote et al.
2016) processing algorithms. For each plot, we
used Google Earth Engine (Gorelick et al. 2017)
to extract all surface reflectance data that were
acquired from early May through September
(Julian days 121–273) by Landsats 5, 7, and 8.
Given the need for high-quality, clear-sky obser-
vations, we filtered out observations affected by
clouds, cloud shadows, snow, and water using
flags from the CFmask (Zhu et al. 2015) and also
removed observations from scenes acquired dur-
ing high cloud cover (>80%) or solar zenith angle
(>60°) conditions.
We computed NDVI using each clear-sky
observation, cross-calibrated NDVI among sen-
sors and then estimated annual NDVImax using a
new phenology-based modeling approach (Ber-
ner et al. 2020). To account for systematic differ-
ences in NDVI among Landsat sensors, we
linearly adjusted Landsats 5 and 8 to better
match Landsat 7 using published cross-
calibration coefficients (Ju and Masek 2016, Roy
et al. 2016). We then estimated annual NDVImax
using a new approach that helps alleviate issues
due to the irregular timing and often limited
availability of Landsat observations during each
growing season at high latitudes (Berner et al.
2020). This approach involves first determining
land surface phenology during the growing sea-
son at each plot using flexible cubic splines itera-
tively fit through NDVI data pooled across
multiple years. Land surface phenology is
repeatedly evaluated at each site using a moving
window centered on each growing season (here
 3 yr), thereby capturing potential phenological
changes due to disturbance or succession. Infor-
mation on land surface phenology is then used
to determine the likely deviation of each observa-
tion from peak summer conditions, thereby mak-
ing it possible to estimate annual NDVImax
(Berner et al. 2020). Aspects of this approach are
similar to a previous approach that was
developed to assess interannual variability in
growing season timing across forests in the east-
ern United States using Landsat (Melaas et al.
2013, 2016).
Statistical methods
Our analyses were performed using individual
tree measurements and individual tree BAI
chronologies unless otherwise specified. In tradi-
tional dendrochronology, site-level time series are
built by averaging tree-ring width measurements
from multiple individuals (Fritts 1976, Cook and
Kairiukstis 1990). While this methodology is
extremely useful for determining the mean cli-
mate signal, it results in the loss of individual tree
response to other environmental stressors. Per-
forming analyses using individual tree chronolo-
gies has become a more prevalent approach in
tree-ring studies (e.g., Galvan et al. 2014, Walker
and Johnstone 2014, Buras et al. 2016, Jochner
et al. 2017, Rohner et al. 2018) and conserves tree-
specific variability in radial growth and sensitivity
to biotic and abiotic stress.
For the majority of our analyses, we fit hierar-
chical linear mixed effects models (LMMs) using
the package nlme (Pinheiro et al. 2018). For all
LMMs, we (1) visually inspected residual vs. fit-
ted values for all explanatory variables and each
grouping level of the random effects to verify
that the assumptions of homogeneity of variance
and normality were met (Zuur et al. 2009), (2)
tested for collinearity of covariates when there
was more than one predictor using variance
inflation factors (VIF < 5; Sheather 2009) in the
car package (Fox and Weisberg 2019), (3) deter-
mined the significance of fixed effects using max-
imum likelihood ratio tests comparing the full
model to a reduced model and confirmed their
importance with small sample corrected Akaike
information criterion (AICc; Zuur et al. 2009), (4)
performed model reduction only of interaction
terms (Bolker et al. 2009) so that we could
address the relative influence of non-interactive
fixed effects, (5) and calculated optimal model
coefficients using restricted maximum likelihood
estimation (Zuur et al. 2009).
Tree size and canopy position.—To determine
whether living and dying trees that were sam-
pled for tree-ring analysis differed in size, we fit
a LMM with the response variable of tree DBH at
the onset of the P. populiella outbreak (1997) and
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the fixed effect of tree status (living/dying). The
random intercepts of site and plot nested in site
were included to account for spatial non-
independence of plots within a site and trees
within a plot, and DBH was natural-
log-transformed to ensure normality. We chose to
use DBH in 1997 instead of the year of sampling
(2016) so that we were comparing living and
dying trees of approximately the same age. To
determine tree DBH in 1997, we summed raw
ring widths for each tree from 1998 to 2015 and
subtracted this from their DBH in 2016. To differ-
entiate between living and dying tree canopy
position, we fit a hierarchical mixed effects logis-
tic regression using the lme4 package (Bates et al.
2015) with canopy position (upper/lower) as the
response variable, tree status as a fixed effect (liv-
ing/dying), and the same random effects as
above. This model met the assumptions of logis-
tic regression (Stoltzfus 2011). The significance of
the fixed effect was determined as described for
LMMs.
Pre-outbreak growth patterns and growth response
to climate.—To assess whether living and dying
tree growth differed prior to the P. populiella out-
break, we fit 51 LMMs, one for each year from
1946 to 1996, with BAI of all trees as the response
variable, the fixed effect of tree status (living/dy-
ing), and random intercepts of site and plot
nested in site. BAI was natural-log-transformed
to ensure normality for these and all analyses in
which it was included. Prior to this transforma-
tion, we added one to each annual BAI measure-
ment because some trees had missing rings and
therefore radial growth values of zero, which
cannot be natural-log-transformed. P-values
were corrected using the false discovery rate
because we had multiple response variables with
the same experimental units (Benjamini and
Hochberg 1995). Since our objective was to eval-
uate differences in living and dying tree growth
patterns before the P. populiella outbreak, we also
assessed trends in BAI from 1946 to 1957 and
1958 to 1996 by fitting a LMM for each time per-
iod that included living or dying tree BAI as the
response variable, the fixed effect of year, and
random intercepts of site, plot nested in site, and
tree nested in plot. Tree was included as a ran-
dom intercept to account for the repeated mea-
sures of BAI over the same individual. We chose
to assess BAI trends during these time periods
because the preceding analysis revealed a large
difference in living and dying tree BAI after 1957
that persisted until the P. populiella outbreak (see
Pre-outbreak growth patterns and growth response to
climate in Results).
To evaluate whether living and dying tree
growth response to climate differed before the
P. populiella outbreak, we fit LMMs for three 12-
year time periods (1946–1957, 1971–1982, and
1983–1994) with living or dying tree BAI as the
response variable, the fixed effects of CMI and
temperature in the GS, spring, fall and winter,
and PGS, and random intercepts of site, plot
nested in site, and tree nested in plot. Models
were fit in these time periods to compare the
impacts of climate on living and dying trees
when their BAI overlapped (1946–1957) and
when their BAI differed (1971–1982 and 1983–
1994) as revealed by our prior analysis (see Pre-
outbreak growth patterns and growth response to cli-
mate in Results). Climate variables were scaled
and centered to compare the effect size of CMI
and temperature. We chose not to assess the
climate–growth response from 1958 to 1970
because of the severity of the large aspen tortrix
outbreak in the 1960s (Torgersen and Beckwith
1974, USDA FS 2020) that could confound the cli-
mate signal (Trotter et al. 2002, Rolland and
Lemperiere 2004, Sang€uesa-Barreda et al. 2015).
The impact of previous year climate on BAI was
tested because tree growth in the current year
can be significantly influenced by climate in the
preceding year (Lebourgeois et al. 2004, Hart
et al. 2010, Huang et al. 2010). Precipitation was
not included in these models because seasonal
CMI and precipitation were highly collinear
(Appendix S1: Table S4). We chose to use CMI
instead of precipitation because of the strong
relationships it has shown with aspen radial
growth (Hogg et al. 2002, 2008).
Outbreak growth patterns and growth response to
P. populiella, climate, and their interaction.—To
assess whether living and dying tree growth dif-
fered during the P. populiella outbreak (1997–
2013), we fit a LMM with BAI of all trees
throughout the outbreak period as the response
variable, the fixed effect of tree status (living/dy-
ing), and random intercepts of site, plot nested in
site, and tree nested in plot. To further compare
patterns in living and dying tree growth during
P. populiella infestation, we evaluated BAI trends
 v www.esajournals.org 6 June 2021 v Volume 12(6) v Article e03569
MACROSYSTEMS ECOLOGY BOYD ETAL.
by fitting LMMs with living or dying tree BAI
from 1997 to 2013 as the response variable, the
fixed effect of year, and the same random effects
as above.
To evaluate whether living and dying tree
growth response to climate, leaf mining, and
their interaction differed, we fit LMMs with liv-
ing or dying tree BAI as the response variable,
the fixed effects of PGS CMI, GS temperature,
previous year leaf mining, the interaction
between PGS CMI and previous year leaf min-
ing, and the interaction between GS temperature
and previous year leaf mining, and random
intercepts of site, plot nested in site, and tree
nested in plot. Covariates were scaled and cen-
tered to improve interpretability of interaction
terms or to compare the effect size of climate and
leaf mining. For testing the influence of the inter-
action between climate and P. populiella on tree
BAI, we used previous year leaf mining because
it had a greater impact than current year leaf
mining on both living and dying tree BAI from
1997 to 2013 (Appendix S1: Table S5). We
included PGS CMI and GS temperature as the
climate parameters in these models because they
strongly influenced living and dying tree BAI
before the P. populiella outbreak (see Pre-outbreak
growth patterns and growth response to climate in
Results).
Normalized difference vegetation index.—To deter-
mine whether NDVImax captured growth pat-
terns of living and dying trees during the
P. populiella outbreak (1997–2013), we fit a LMM
with NDVImax as the response variable, the fixed
effects of mean plot-level living tree BAI and
mean plot-level dying tree BAI, and random
intercepts of site and plot nested in site. For this
analysis, we used plot-averaged living and dying
tree BAI and not individual tree BAI measure-
ments because NDVImax was calculated at the
plot level given the 30-m pixel size of Landsat.
The sample size of dying trees decreased over
time, and we were not using tree as a random
effect. Thus, we also performed this analysis by
truncating individual tree BAI chronologies to
maximize complete tree BAI time series that
were used to calculate plot-averaged dying tree
BAI (Appendix S1: Fig. S3). Truncating the time
series resulted in a weaker relationship between
mean plot-level dying tree BAI and NDVImax
(Appendix S1: Table S6) but did not change the
interpretation of our results, so we present find-
ings across the complete outbreak period. As
NDVI can vary more rapidly than tree growth
(Bhuyan et al. 2017, Vicente-Serrano et al. 2020),
we tested for the effect of positive one-year lags
of mean plot-level living tree BAI and mean plot-
level dying tree BAI on NDVImax by including
them as covariates in the above model. The one-
year lags did not substantially improve our
model (analysis not shown).
To determine what stand processes were cap-
tured by NDVImax, we fit a LMM with NDVImax
as the response variable, the fixed effects of plot-
level aspen biomass recruitment, aspen biomass
growth, and aspen biomass mortality, and ran-
dom intercepts of site and plot nested in site.
Aboveground plot-level aspen biomass recruit-
ment and growth were calculated using tree
data from the CAFI database at each plot and
measurement period using the allometric
relationships previously described. Recruitment
represents the biomass of trees that passed the
DBH threshold (3.8 cm) between measurement
periods. Aboveground plot-level aspen biomass
mortality was calculated using tree data from the
CAFI database as described in Site description in
Methods.
RESULTS
Tree mortality, climate, leaf mining, and NDVI
The majority of dead aspen sampled for radial
growth analyses died during the height of the
recent P. populiella outbreak (2001–2010; Fig. 1a;
Appendix S1: Fig. S2), but there was not a partic-
ular year associated with high aspen mortality
(Appendix S1: Fig. S2). The mean age of tree
death was 83 yr (14 SD), and in 2016, the mean
age of living trees was 94 yr (15 SD). Prior
to P. populiella infestation (1946–1996), GS
CMI across sites was lowest in 1957
(23.0  2.88 cm/season; mean GS CMI  SD;
Fig. 1b) and followed by a large reduction in BAI
of living and dying trees in 1958 (173  130 and
121  93.1 mm2, respectively; mean BAI  SD;
Fig. 1a). There was a noticeable decline in living
and dying tree BAI in 1968 and 1969 (Fig. 1a),
which coincided with a negative spike in GS
CMI (Fig. 1b) and an outbreak of the large aspen
tortrix (Torgersen and Beckwith 1974, USDA FS
2020). During P. populiella infestation (1997–
 v www.esajournals.org 7 June 2021 v Volume 12(6) v Article e03569
MACROSYSTEMS ECOLOGY BOYD ETAL.
2013), living tree BAI was the lowest in 2005
(48.9  54.1 mm2; mean BAI  SD; Fig. 1a) and
preceded by the driest year across the time
period examined (1946–2013; 24.1  3.94
cm/season; mean GS CMI  SD in 2004; Fig. 1c).
In 2005, the highest GS temperature during
the P. populiella outbreak was recorded
(12.4  0.43°C/season; mean GS tempera-
ture  SD; Appendix S1: Fig. S4), over 260,000
hectares of Alaska were infested by P. populiella
(Fig. 1c), and NDVImax was at its lowest point
(0.69  0.06; mean NDVImax  SD; Fig. 1c).
Tree size and canopy position
Dying trees were smaller in diameter than liv-
ing trees (Fig. 2a; Appendix S1: Table S7) and
were more likely to be lower in the canopy strata
than living trees (Fig. 2b; Appendix S1: Tables
S8, S9). Similarly, dead trees from the CAFI net-
work were smaller in diameter and more likely
Fig. 1. (a) Basal area increment (BAI; mean  SE) of living trees (solid line) from establishment to 2015 and
dying trees (dashed line) from establishment to 2013 and the number of sampled trees (sample depth; dotted
line); (b) growing season climate moisture index (GS CMI; mean  SE) prior to the Phyllocnistis populiella out-
break (1945–1996); and (c) GS CMI (mean  SE), the maximum summer normalized difference vegetation index
(NDVImax; mean  SE), and leaf mining (hectares of Alaska infested) during the P. populiella outbreak (1997–
2013). Tree BAI measurements prior to 1946 were not used for analyses (unshaded area in (a); see Methods). In (a)
and (b), dark green shading denotes when living and dying tree BAI overlapped (Appendix S1: Table S10), inter-
mediate green shading denotes when living tree BAI was greater than dying tree BAI (Appendix S1: Table S10),
and in (a), light green shading denotes the P. populiella outbreak. See Appendix S1: Fig. S4 for growing season
(GS) temperature time series.
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to be in a lower canopy position than live trees
from the CAFI network (Appendix S2).
Pre-outbreak growth patterns and growth
response to climate
From 1946 to 1957, living and dying tree BAI
was similar (Fig. 1a; Appendix S1: Table S10)
and BAI of both groups increased (Fig. 1a;
Appendix S1: Table S11). After 1957 up to the
leaf miner outbreak (1958–1996), living tree BAI
was consistently greater than dying BAI (Fig. 1a;
Appendix S1: Table S10) and dying tree BAI
decreased whereas living tree BAI continued to
increase (Fig. 1a; Appendix S1: Table S11). The
greatest difference in living and dying tree BAI
prior to P. populiella infestation was in 1996
(Fig. 1a; Appendix S1: Table S10).
During the time periods examined preceding
leaf miner infestation (1946–1957, 1971–1982,
1983–1994), living and dying tree growth
response to climate was similar. Notably, for both
groups, PGS CMI consistently had a strong and
positive effect on BAI, and sensitivity to PGS
CMI was strongest after 1957. After 1957, the
magnitude and direction of living and dying tree
response to GS temperature shifted (Fig. 3;
Appendix S1: Tables S12, S13). Both groups
responded positively to GS temperature from
1946 to 1957 but negatively and more strongly to
GS temperature initially preceding the P. pop-
uliella outbreak (1983–1994; Fig. 3; Appendix S1:
Tables S12, S13), which coincided with a rise in
GS temperature (Appendix S1: Table S14).
Despite these similarities, living and dying tree
response to climate slightly differed immediately
preceding the P. populiella outbreak (1983–1994).
Specifically, during this time period dying tree
BAI was most strongly and negatively influenced
by GS temperature whereas living tree BAI was
most strongly and positively influenced by PGS
CMI (Fig. 3; Appendix S1: Tables S12, S13).
Outbreak growth patterns and growth response
to P. populiella, climate, and their interaction
During the P. populiella outbreak, living tree
BAI was significantly greater than dying tree BAI
(Fig. 1a; Appendix S1: Table S15), but BAI of
both groups declined (Fig. 1a; Appendix S1:
Table S11). The interactions between previous
year leaf mining and PGS CMI and previous year
leaf mining and GS temperature were not statisti-
cally significant predictors of living or dying tree
BAI (Appendix S1: Table S17). In the presence of
leaf miner, living tree BAI continued to be
Fig. 2. (a) Diameter at breast height (DBH) and (b) canopy position (upper: dominant/codominant, lower:
intermediate/suppressed) of living and dying aspen. In (a), black points and error bars represent mean ( SE)
based on a hierarchical linear mixed effects model fit (Appendix S1: Table S7), red/blue points represent the DBH
of each sampled tree, and (b) shows the total count of living and dying aspen in each canopy position
(Appendix S1: Tables S8, S9).
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positively influenced by PGS CMI (Fig. 4a;
Appendix S1: Table S17) and negatively by GS
temperature (Fig. 4b; Appendix S1: Table S17),
whereas dying tree BAI was not influenced cli-
mate (Appendix S1: Table S17). Living tree BAI
was negatively influenced by previous year leaf
mining, and this negative effect was two times
greater than the effect of moisture availability or
temperature (Fig. 4c; Appendix S1: Table S17).
Previous year leaf mining had a significant and
negative impact on dying tree BAI (Fig. 4d;
Appendix S1: Table S17).
Normalized difference vegetation index
NDVImax was positively related to annual vari-
ation in plot-averaged living and dying tree BAI.
This association was primarily driven by living
trees because the relationship between NDVImax
and mean plot-level living tree BAI was almost
twofold greater than between NDVImax and
mean plot-level dying tree BAI (Fig. 5;
Appendix S1: Table S18). NDVImax captured
inventory measurements of plot-level aspen bio-
mass growth and mortality but not recruitment,
exhibiting a positive association with growth
and a negative association with mortality. The
positive association between NDVImax and bio-
mass growth was 12 times stronger than the neg-
ative association between NDVImax and biomass
mortality (Fig. 6; Appendix S1: Table S19).
DISCUSSION
As the frequency and severity of drought and
insect outbreaks increase at high latitudes (Bale
et al. 2002, Bentz et al. 2010, AMAP 2017, Seidl
Fig. 3. Effects of growing season (GS), spring, fall and winter (FW), and previous growing season (PGS) tem-
perature and climate moisture index (CMI) on (a) living tree basal area increment (BAI) and (b) dying tree BAI
when growth of both groups was similar (1946–1957) and different (1971–1982 and 1983–1994). Values in boxes
are regression coefficients from hierarchical linear mixed effects models. Climate variables were scaled and cen-
tered for analyses to compare the effect size among covariates. Purple text indicates a positive effect and red text
a negative effect, gradient of shading indicates the strength of the relationship, and asterisks denote level of sig-
nificance (P < 0.05, P < 0.01, P < 0.001). For model outputs, see Appendix S1: Tables S12, S13 for living
and dying trees, respectively.
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et al. 2017, IPCC 2018), identifying processes and
disturbance events that lead to tree death is
important for determining the mortality risk of
boreal tree species. Our findings reveal that
dying aspen were in the subcanopy and their
growth was lower than that of living aspen after
a drought in 1957. Subsequent insect outbreaks
and adverse climate conditions further decreased
dying aspen growth, culminating in tree death
during the P. populiella outbreak. During the out-
break, only living aspen growth was positively
influenced by moisture and negatively by tem-
perature, yet the negative effect of leaf mining
was much greater than the effect climate on both
living and dying aspen growth. Although NDVI
captured plot-level tree growth and stand bio-
mass growth and mortality, it was more strongly
linked to plot-level living than dying aspen
growth, and to stand biomass growth than mor-
tality. These results, in combination with the sub-
canopy position of dying trees, suggest that
NDVI may be limited in its ability to detect
Fig. 4. Relationships from 1997 to 2013 between basal area increment (BAI) of living trees (blue points and
lines) and (a) previous growing season climate moisture index (PGS CMI), (b) growing season (GS) temperature
and (c) previous year Phyllocnistis populiella leaf mining, and (d) BAI of dying trees (red points and line) and pre-
vious year leaf mining. Lines represent effects based on hierarchical linear mixed effects models, and shading
around lines indicates the 95% confidence interval. Points are the raw data, and each point is a year within a tree.
Points are jittered in (c) and (d) to better see the data at a width of 0.1. Covariates were scaled and centered to
compare the effect size of climate and leaf mining and improve model interpretability. All plotted effects are sig-
nificant (Appendix S1: Table S17). Interactions between climate and leaf mining were not important predictors of
living or dying tree BAI (Appendix S1: Table S16).
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insect-driven diffuse mortality and dieback of
aspen in boreal ecosystems, especially when
mortality is linked to canopy position. Overall,
our findings show that a historic drought
prompted a growth decline in aspen that
increased their mortality risk and that P. pop-
uliella was the dominant driver of aspen growth
and ultimately death. Thus, with continued cli-
mate warming and associated increases in insect
outbreaks, aspen mortality may become increas-
ingly prevalent in the boreal biome.
Tree size, canopy position, and pre-outbreak
growth patterns
We found that dying aspen were lower in the
canopy strata, suggesting that low light levels
may have contributed to aspen mortality risk.
Aspen is a light-demanding species (Perala 1990)
that experiences substantial declines in photo-
synthesis, growth, and production of defensive
compounds under low light (Calder et al. 2011).
This includes the production of defensive com-
pounds, such as phenolic glycosides (Calder
et al. 2011), that decrease P. populiella mining
damage (Young et al. 2010). Shading also leads
to a reduction in stored carbohydrates (Wiley
et al. 2017), which are important for tree survival
during environmental stress (Wiley and Helliker
2012). Additionally, dying aspen were smaller in
diameter than living aspen, and if surrounded by
large neighbors, the negative effects of reduced
light availability are exacerbated for small trees
(Hurst et al. 2011).
We compared living and dying aspen canopy
position in the year of sampling (2016), when
trees had been dead for a few years, which may
have contributed to our observation that dying
trees were lower in the canopy strata than living
trees. However, living aspen DBH was greater
than dying aspen DBH when we compared them
in both 1997 (Fig. 2; Appendix S1: Table S7) and
2016 (analysis not shown). Furthermore, dead
Fig. 5. Relationships from 1997 to 2013 between maximum summer normalized difference vegetation index
(NDVImax) and mean plot-level living tree basal area increment (BAI; blue circles and line) and mean plot-level
dying tree BAI (red triangles and line). Lines represent effects based on a hierarchical linear mixed effects model,
and shading around lines indicates the 95% confidence interval. Points are the raw data, and each point is a year
within a plot. All plotted effects are significant (Appendix S1: Table S18).
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aspen from CAFI database were in the sub-
canopy at the onset of the leaf miner outbreak
(Appendix S2). As such, we are confident that
dying trees sampled for tree-ring analysis were
in the subcanopy prior to and at death.
We observed declining and significantly lower
growth in dying than living aspen three decades
before the P. populiella outbreak. These differ-
ences were noticeable starting in 1944 but were
statistically significant following a drought in
1957. The decline of dying trees was enhanced by
the large aspen tortrix outbreak in the late 1960s
(Torgersen and Beckwith 1974, USDA FS 2020).
This indicates that aspen mortality was incited
by the drought in 1957, and subsequent stressors
continued to reduce dying tree growth. Growth
of both living and dying trees was extremely low
during these disturbances (Fig. 1a), particularly
in years when large aspen tortrix defoliation co-
occurred with low moisture availability (1968
and 1969; Fig. 1b). However, living tree growth
did not decline after these events, suggesting a
level of resilience to drought and insect defolia-
tion. Similar to our findings, Mamet et al. (2015)
observed a large growth reduction in dying jack
pine (Pinus banksiana) that was prompted by a
drought and budworm outbreak in the 1960s,
and growth continued to decline in dying trees
for 16–24 yr until mortality. Low growth as a
metric of tree mortality risk has been docu-
mented in aspen (Ireland et al. 2014) and numer-
ous other tree species (Bigler et al. 2006, Cailleret
et al. 2017, 2019). These results highlight the
importance of accounting for historic disturbance
events and long-term trends in tree growth when
assessing tree mortality risk.
The subcanopy position, small stature, and
low growth of dying trees that we observed sup-
port the idea that an accumulation of physical
and biotic stress influenced aspen death (Manion
1981, Franklin et al. 1987). Our findings also sug-
gest that long-term exhaustion of carbon reserves
likely contributed to tree death, as shading sub-
stantially reduces reserve concentration in aspen
(Wiley et al. 2017), and multi-decadal growth
declines are indicative of gradual carbon deple-
tion (Cailleret et al. 2017, Buras et al. 2018). Car-
bon reserves are important for sustaining
metabolic processes (McDowell et al. 2011, Hart-
mann and Trumbore 2016), enhancing survival
Fig. 6. Relationships from 1997 to 2013 between
maximum summer normalized difference vegetation
index (NDVImax) and aboveground aspen plot-level
biomass (a) recruitment, (b) growth, and (c) mortality
based on measurements from the CAFI database. Mea-
surements of biomass are at five-year intervals. Lines
represent effects based on a hierarchical linear mixed
effects model, and shading around lines indicates the
95% confidence interval. Points are the raw data, and
each point is a year within a plot. Significant relation-
ships are represented by a solid line (Appendix S1:
Table S19).
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during drought (O’Brien et al. 2014) and other
environmental pressures (Kobe 1997, Landh€aus-
ser and Lieffers 2002), and building defensive
compounds (Guerard et al. 2007, Najar et al.
2014). These reserves are also particularly impor-
tant for deciduous species because they use
stored carbon for re-foliation (Barbaroux et al.
2003, Silpi et al. 2007). We conclude that com-
pounding stress, which likely resulted in a slow
depletion of carbon reserves, contributed to
aspen mortality risk.
Pre-outbreak growth response to climate
Living tree growth and dying tree growth
were strongly and positively influenced by previ-
ous growing season moisture availability (PGS
CMI) prior to the P. populiella outbreak, indicat-
ing that current year growth was influenced by
storage of photosynthates produced in the previ-
ous year. Growth sensitivity to previous year cli-
mate is common in deciduous species because
they rely on photosynthates from preceding
years for canopy production (Kramer and
Kozlowski 1979). Drought conditions reduce
photosynthesis, stomatal conductance, and car-
bon reserves in aspen (Galvez et al. 2013), in turn
limiting resource availability for spring re-
foliation. Similar to our findings, aspen in Inte-
rior Alaska (Cahoon et al. 2018) and eastern bor-
eal Canada (Huang et al. 2010) exhibited a
negative growth response to monthly moisture
deficits in the preceding year. The importance of
previous year moisture on current year aspen
growth has been demonstrated in western
Canada, where aspen radial growth was posi-
tively influenced by previous summer precipita-
tion (Leonelli et al. 2008) and a metric of annual
CMI that takes into account preceding summer
climate (Hogg et al. 2005).
Initially before the P. populiella outbreak (1983–
1994), GS temperature increased, had a negative
impact on both living tree growth and dying tree
growth, and was the primary climatic driver of
dying tree growth. A negative association
between tree radial growth and temperature has
been documented in other boreal tree species
(Barber et al. 2000, Walker et al. 2015). High tem-
peratures can decrease photosynthesis (Gustaf-
son et al. 2017), drive earlier stomatal closure
(Zhao et al. 2013), and increase plant mainte-
nance respiration (Atkin and Tjoelker 2003),
thereby decreasing net photosynthetic carbon
uptake and in turn radial growth. Additionally,
extreme heat stress can permanently damage leaf
tissue and consequently reduce whole tree pho-
tosynthesis (O’Sullivan et al. 2017).
While living and dying trees exhibited a nega-
tive growth response to GS temperature from
1983 to 1994, the effect of GS temperature on
growth was positive from 1946 to 1957. A change
in the tree growth response to temperature after
the mid-20th century has been observed in other
boreal tree species, either diminishing or chang-
ing from a positive to negative relationship
(Jacoby et al. 2000, Lloyd and Fastie 2002, D’Ar-
rigo et al. 2004, 2008, Wilmking et al. 2004, Wil-
son et al. 2007), and has been attributed to
temperatures exceeding thresholds for optimal
growth (D’Arrigo et al. 2004, Beck et al. 2011).
Overall, we show that moisture deficits and tem-
perature negatively affected growth of both liv-
ing and dying aspen prior to P. populiella
infestation and that temperature stress was great-
est right before the outbreak.
Outbreak growth patterns and growth response
to P. populiella and climate
During the P. populiella outbreak, dying aspen
exhibited a strong, negative growth response to
previous year leaf mining but no growth
response to climate, suggesting that P. populiella
was the final factor driving aspen mortality.
Dying aspen growth declined rapidly and
remained lower than that of living aspen during
the outbreak, further emphasizing the damaging
effect of leaf mining on dying aspen growth.
Leaves mined by P. populiella have lower photo-
synthesis (Wagner et al. 2008, 2020) and abscise
earlier in the growing season than unmined or
less mined leaves, resulting in reduced carbon
uptake (Wagner et al. 2008). Insect defoliation
decreases carbon reserves in aspen, consequently
increasing tree mortality risk (Anderegg and
Callaway 2012, Landh€ausser and Lieffers 2012).
Furthermore, because growth of dying trees was
low prior to the outbreak and these trees were
suffering from shade stress, they likely lacked
resources to defend against or recover from leaf
mining.
Recent aspen mortality at the southern limit of
the boreal forest and in the western United States
was primarily driven by moisture deficits, yet
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conditions were considerably drier preceding
and during mortality events in these regions than
in our study sites (Hogg et al. 2008, Michaelian
et al. 2011, Worrall et al. 2013). This further sup-
ports our conclusion that P. populiella was the
final driver of aspen death in Interior Alaska and
that drought was not severe enough to kill
declining trees. Moreover, severe insect infesta-
tion can distort tree growth response to climate
(Trotter et al. 2002, Sang€uesa-Barreda et al. 2015)
and reduce photosynthesis and increase carbon
depletion to the extent that trees die (Eisenbies
et al. 2007, Zhang et al. 2014, Hyde et al. 2016).
Unlike dying aspen, living aspen continued to
respond positively to PGS CMI and negatively to
GS temperature during the P. populiella outbreak.
A stronger growth response to climate in surviv-
ing vs. dead trees has previously been observed
(Ogle et al. 2000, Millar et al. 2012, Macalady and
Bugmann 2014). For example, Macalady and
Bugmann (2014) showed that dying trees were
less responsive to drought than surviving trees,
and suggested that enhanced photosynthesis of
surviving trees during wet or cool years
increased tree carbon reserves and, consequently,
the ability of these trees to withstand stress. Our
findings indicate that when climate conditions
were favorable, surviving aspen were able to
increase photosynthesis and thus had a greater
amount of resources available for growth,
defense, and storage. This was likely important
for their survival during the P. populiella out-
break. The contrast in climate–growth response
between living and dying trees that we observed
could be because leaf mining distorted the cli-
mate signal in dying but not living trees (Trotter
et al. 2002, Sang€uesa-Barreda et al. 2015). How-
ever, it could also be explained by differences in
genetics (Millar et al. 2012, Heer et al. 2018),
nutrient availability (Levesque et al. 2016), or
microsite conditions (Wolken et al. 2016).
Although living trees maintained their growth
response to moisture availability and tempera-
ture during P. populiella infestation, the negative
impact of previous year leaf mining alone on liv-
ing tree growth was much greater than climate.
The strong impact of P. populiella on growth of
living and dying aspen suggests that as insect
outbreaks become more severe and common at
high latitudes, we should expect to see greater
declines in aspen growth and more mortality.
Consequently, increases in aspen dominance at
high latitudes in response to climate change may
not be as great as projected by current models
that do not incorporate the influence of insect
pests.
In addition to the biotic and abiotic factors
identified in our objectives, competition can
influence tree growth and mortality (Lussier
et al. 2002, Cortini and Comeau 2019). When we
included metrics of competition (density [stems/
ha] and biomass [Mg/ha]) in our models of tree
growth during the P. populiella outbreak, we
found that dying tree growth was not influenced
by intra- or interspecific competition whereas liv-
ing tree growth was influenced by interspecific
competition (Appendix S3). These results pro-
vide additional support for our conclusion that
P. populiella was the dominant driver of dying
tree growth and death, but also highlight the
importance of interspecific competition on
growth of surviving aspen.
Normalized difference vegetation index
The NDVI was positively associated with
mean plot-level living and dying tree growth,
but the relationship between NDVI and living
tree growth was nearly two times greater than
between NDVI and dying tree growth. At high
latitudes, NDVI has been positively linked to
tree radial growth increment (Lopatin et al.
2006, Beck et al. 2011, Bunn et al. 2013, Boyd
et al. 2019). However, landscape heterogeneity
and differences in growth-limiting factors of
dominant species can weaken this relationship
(Berner et al. 2011, Brehaut and Danby 2018).
Although the sites we sampled were all aspen
dominated, the structure within stands was not
homogenous. Living and dying aspen were
intermixed, and dying trees were in the sub-
canopy and smaller in diameter and lower in
growth than living trees. Furthermore, dying
trees were not sensitive to climate during P. pop-
uliella infestation. These differences could
explain why the association was weaker
between NDVI and dying than living tree
growth. Additionally, leaf productivity, which
has been linked to NDVI (Turner et al. 1999, Xie
et al. 2014), was likely higher for living com-
pared with dying trees during the leaf miner
outbreak due to their size and greater resource
availability for spring re-foliation.
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Stand biomass growth and mortality were cap-
tured by NDVI, such that NDVI was signifi-
cantly and positively associated with biomass
growth and negatively with biomass mortality.
However, biomass growth had a 12 times greater
influence than biomass mortality on the NDVI
signal, and the association between NDVI and
biomass mortality was only significant when
mortality values >40 Mg/ha were included in the
model (analysis not shown). While the latter sug-
gests that NDVI has relevance for detecting lar-
ger aspen mortality events, more measurements
are necessary to support this conclusion as only
two mortality observations were >40 Mg/ha.
Also, analogous to trees sampled for tree-ring
analysis, aspen from the CAFI database that sur-
vived the leaf miner outbreak were higher in the
canopy strata and larger in diameter than aspen
that died. Taken together, these findings suggest
that NDVI is a better metric of overstory aspen
growth than understory aspen death and thus
may not detect insect-driven mortality of aspen
at high latitudes, particularly when tree die-off is
gradual and related to canopy position.
Due to the lack of Landsat data prior to 1999,
we were unable to address the link between
NDVI and aspen growth and mortality before the
P. populiella outbreak. Such analyses would be
useful for assessing relationships between long-
term NDVI trends (i.e., greening and browning)
and aspen stand demographics as well as deter-
mining the utility of multi-decadal NDVI time ser-
ies for predicting mortality and growth (e.g.,
Rogers et al. 2018). Nevertheless, our work pro-
vides a greater understanding of the utility as well
as potential limitations of NDVI for detecting cli-
mate change impacts on boreal ecosystems.
CONCLUSIONS
Climate change-driven droughts and insect
outbreaks have resulted in unprecedented forest
mortality worldwide (Mantgem et al. 2009, Allen
et al. 2010, 2015, Zhang et al. 2014, Berner et al.
2017) and are projected to increase in frequency
and severity with continued climate change (Bale
et al. 2002, Bentz et al. 2010, Seidl et al. 2017,
IPCC 2018). Assessing short- and long-term pro-
cesses that lead to tree death is required to under-
stand tree mortality mechanisms and the risk of
forests to dieback and mortality. We show that
small, subcanopy aspen are vulnerable to mortal-
ity during P. populiella infestation, and drought
events can incite growth declines that increase
aspen mortality risk. Our findings also reveal
that moisture deficits and temperature decrease
aspen growth but that the negative impact of
P. populiella on growth supersedes the impact of
climate. Lastly, we found that NDVI more
strongly captured the growth of living compared
with dying trees and stand biomass growth com-
pared with death. This suggests that NDVI may
not reliably detect insect-associated aspen die-
back and diffuse mortality in boreal ecosystems.
We conclude that accounting for tree stature, cli-
mate, biotic disturbance agents, and historic
growth patterns is important for addressing
aspen mortality risk at high latitudes, and conse-
quently, determining the structure and composi-
tion of the boreal biome under a changing
climate.
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